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- ABSTRACT '/550? wAsA 7”2’( sese/ )
“ The intensity and the rate of increcasec of light emitted by the
:1 H"’B‘**’ 2 gi 1 a IR ) 3 ~4 3 :
3 o} Z7 > “n (0.0) transition were studied céuring the induction period
r v

behind shock waves in &% Eo - 20% air mivture. Induction-zone femperatures
ranged from about 1100° to 1U00° K, anu the initial pressure was 10 Torr.

A standard lamp was used to calibrate the optical system, so that photo-

multiplier signals could be trunsformed to 01" concentrution. The resuits

are interpreted in terms of racicali-recomblnation reacdions. It is found - .
that OH® is formed in the reaction E + Os + Eo -~ HoO + OH*, and is effectively:
quenched, in these experimentcs, only by water. The excitation process is an

inefficient reaction, with an cverage rate constant of 2:10° liter?/molec-sec.
J {9
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ORIGIN OF OH CHEMTLUMINESCENCE DURING TUE INDUCTION R
PERIOD OF TFEE H,-O, REACTION rEHIND SHOCK WAVES
By F. E. Belles and M. R. Lauver
Lewis Research Center
National Aeronautics and Space Administrution
Cleveland, Ohio
INTRODUCTION

The combustion of Hy anc Oo is accumpunied by th
viglet light, due to the transitlion of the cxcited rudicul Ol (.7} to the
ground state (2%). An understanding of the processes lcading to thic enlssion
is of interest because it would provide ifurther information on the dotai g of

‘

the reaction. Such understunding woulc wlso be of vnluc ‘n other 7

might permit use of the emitted _ight as un indication o the progress o

the main reactions; and it would allow guentitative comparisons to ve male

.

tetween induction times measured by Colliowing the concentration oi grouc

©

state OH with absorption spectroscopy,~ and those uweaswred by th
method of observing the emitted 2ight.©
)
For meny years, evidence (swmerized in ref. 2) has zccumuluted ravering

both a thermal and a nonthermal (chemilumincscent) origin of the cxu:ited

state of OH in the H,-0p reaction. lore recent.y, Kagkan® ctuiled the CI7

e

/ . . - N
ssion from H./O /N~ Tlam which the concentrations of the ree
[ C y
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radicals H, 0, and OH are in excess of the eguilibrium values. e Yound

3

that the radiation arises from recombination reactions among these excess
A ]

free radicals. The intensity oi emission was found to be proportionzli to

the cube of the ground-state 0 concentrution {(which was measurgc by absorp-
[
. ‘e

tion), whereas thermal excitetion calls Tor o rirst-power cepenience.
However, this-does not meen that the excitution process invoives three

OH radicals, because in such i ume gases i, 0, and Oi are eyullivruted nmons

(ifices and




L 4
therselves by way of rapid reversible blmoleculur reactions, even thouch they

are not in equilibrium with the stable procucts of ihe i.anec. Ao resiult,
various relutions exist among the concentr.btions oi L, 0, endl 0. Therelore,
Kaskon was not able to choose uny speciiic excitation rewction Jrom wrong the

ihilities that are both enersetic enoush, =nd =130 2ccouwny Jor

various pos

wn

i

tlhie observed [OH}S Jependence. e pointed out that jurther nrosress miht

be macde by studying o system in whi-h the ruocicols are not egquiiitrutcs with

each other, providing that methods nre avalliublce Jor the sepurate measurcrent

~

of each radical concentretion.

Schott and Kinseyl Tound that & well-celined, highly nonew

-

i
[
s
v

region exists behind shock waves in HZ,OY/Ar mixtures. After the ous bus
been compressed and heated by the shoug [Toat, there is on induciion period gy
¢uring which the H, 0, and Oi concentrations increuse exponenyia;;y with
time due to chain branching, while the temperature, pressure. aﬁd resctut

,

concentrations all remain virtually coastont. The inductlon perilols rane
.

e

“rom o few to a few hundred microseconds over convenient rances o1 shocied-
gas properties. _ .

As to the concentrations of free radicals, they need not be measured

o~

Instead, they can be calculuted with some conricence by integrating the small

se§ of chemical rate cquations that rovern +the branching process durins the
.

induction period. The required rate constuntsc are now fairly well est=ab ishe

. N B e .
Thus, the necessary ingrecients or Jwrtler study of Qi exclitotlion in

q T

the H--0, reaction =re availoble. This paper describes weusurementco ov Ol

rediation intenscity, and its timewise varintion, In the induction zone Lebing
.
T vt =

shack weves traveling through of He - o0% air mixture. The results arc

‘ . [

intervreted in terms of radical-recomblination renctions.



FXPERIMENTAL
The rectangular shock tube (approx. inside dimensions, 37 » 74 mm) is
shown schematically in Tigure 1. It wis equipped wvith a winlature oniezo- ]

electric pickup (m) used to trigger an oscliloscope, Tfolloved by © thin-Iiim

resistance gages. Tow of these were upstredn of the test section.

Two oscilloscopes were used. ¢ On one of them, the outputs ol
gases 1, 2, 5, and on occasion, &, vere Ctsplared and photosrapheC. lleasure-

rents of the time ihterval betieen shok urrival at the variouws statlons pgave

cither two or three velocitles, over & tube lensth of <1lo mm. The cecona

oscilloscope had two inderendent electron beums, ans Wil

v
sirnals from the Iirst. On one bern, the ovtputs o

cive a loculized veloxity rergrrerent over wn intervel orf OB.0 .
Light emission w.s aispluyed cn the othier bemr.
a crystai-controlled seconcary irecucncy stanunrd were recorded on uil thrvee
oscilleoscope beans Ior each run. In aadttion, it wus uwetermined thei th

two troces of the dunl-beanm oncilloszope vere in phase at sane o Tashant

during thelr swecp.

foda

The gas mizture used, <% le - &% 2ir. is qulite cuothermic, su there =5

¢oncern that the heat release misht acce erate the wmve ag 1t wmovel wown the

tute. This proved to Le unfounced, 50 Llong us Ti€ nitind pressurd wisoLou.
A1l the tests reported were run 2t 10 Torr initinl pressure; the measuren
velocities over the entire 410 rm instrureuted lensth wvere either very

’
nearly constant or slovly decreasing, jepencing on the Mach number. 2nd shovwed

neither acceleratlion nor periodic chan~es.



1l mm wide. This slit was located at the sume axial position as thin-film
gage number 4. Light emitted through the slit was observed by means of =z
grating monochromator with its entrance slit set at l-mm width and ocated
20 cm away fram the window. This arrangement gave very good time resolution.

The monochromator viewed radiation from a wedge of gas that had an axial thick-

.

ne¢s averaging about 1.3 mm; and since the shock speeds were 1.3 mm/u ec or

7]

greater, the time resolution was better than 1 usec. The monochromator
passed light in a 33 K region of the (0,0) band, centered at 3080 X. The
light was detected by a type 1P28 photomultiplier. Figure 2 is a typical
record of the dual-beam oscilléscope displaey, ottained with }elatively low
gain on the photamultiplier channel. It shows, on the upper beam, the arrival

t thin-fi

. 1N a4 '
al ilm cage number 4 (and at the obscrvation s811t,, and the

i ladiand L

of the shock

jov]
O]

subsequent arrival at gage number I; and on the lower bLeam, the photomultiniler
signal.
The optical system and photomultiplier were calibrated by means of a
. X . . * . ,
standard incandescent lamp with known spectral radiance. It was found that .
ae =T 5 - o - c o
a signael of 1 millivolt corresponded to 7.8<207+' molesyliter of electronically
excited hydroxyl radicals. This number was arrived =t without any correction
. ; I o vrcon B
for self-absorption, and assumes a constant transition probability of 1.5x310~

per second® for all rotational lines contained in the observed 37 K region of
the (0,0) band.
RESULTS ‘

Date on intensity of emitted light versus time were read from osciilo-

grams such as fipure 2. Zero time is the instant that an element o gas

passes through the shock front, and this was fixed by the time of shock

"National Dureau of Standards lamp number U-81.



arrival at thin-film gace number . Tires measwred {rom the oscillo rays
vere multiplied by the density ratio across the shock to convert them to
true sas times. The density, pressure, an. tomperuture ratios were ooiculated
fron thé meosured Mach nunber by the sraphicnl method of Marlsternt Tn makin s
these calculetions, it wes assured thet no sinificant chermlcal reaction

occurred during the induction perlod, =ni that the ~as renched full therrm’

—

4

‘

~

equilibrium. The range of shock-imve Mich nubers wis cbout 3.2 to Ceey

corresponding to induction-zone temper.iures “rom stout 1100 to . 00U .
Typical intensity-time data zare showm in fiwre 3, for several terpera=~

tures. Oscilloscope voltages have been reduced vo concentrations of e.cited

R . ¥ . . . . - .
hydroxl radical, [OH ], by meuns of the calilration imctor. It “ms tound

4 I 'f* y 1 13 el 3 T v ) R R S .- L
that [0H" | grown exvonentially with time over alout © cbserval. e UrCOSS O

. . . [ . . SV gt . :
magnitude increase in [QOn .y alter which an inileotlon cccurs and a masinun
is reached. It is the early exponeniizl purt ol the Listory tlhat ls o first
. . . R / .
Interest In the present work. During this period, (0N « exu(t/t). ‘Te

exponential time constants, 1/7 sec”™, were obtulned from the s_voes ol

such as those shown in fisure 3, drowm throwh the data by inspection.

]
DISCUSSION
hain-Branching Process

During the Incuction period ol tlhe iz=0~ reaction, the concentritlons oo
2 ,
L]

T

o e - T - K . - 4 s - . e
the ree radiculs H, 0, andé O rrow rapluly ky cuain vranchinz. The vete o

this vprocess is governed by the rotes or o “ew rapid bimolecuvlar ra.otlons.

BeTore tlese reactions can hecome eiective, however, o smal’l concenseaton
bl 2

of “ree radicals rust be Luilt up by some initiation rroce

1%}
0
!
st
oy
g
)
=
©
0
.
1

Pecies react. At sufZiciently hish temneraturcs, the Qissoc ot on o hyars en

tor Yhe range up Lo L2009 X

i1s no doubt an importent means oi initi:



covercd in the present wvork, it wms assimed that oniy the rolicuwin~ rez:ilon

contritvutes:

I, + Oy = ZOH LI

If it is assumed, as Scirott and Hinscyt c¢id, that the Incuct on serlod
lests until the concentration of [ roun-ctate hycroxyl radicals reawcles 107

1

moles/liter, then it twmns out that the initiation period is oniy « 3

part of the induction period. The ~rowth of Irec-riclica’l conecenuvr.tlons

during most of this time is strictiy cxponential, with a tine constent Ul

ie greatly influenced by the rate of the sliow chalin-<branching reciiion:

»

i+ 0, >00+0 ’ fr

- o A - . ' . oo .
ifowever, if LHGH/_02< < 1 as in these experiments, the iollowine reac-
tions 2lso aficet the vrocecs:  °,

O + L, - H.0 + H - [V
< [

-

rineily, the folleowiac recction my le Znclucded Ior the saxe o com-

pleteness:

~—

B + O » H0 + 0O S (i
It turns out to be without eliect on the results, becausc even thourh its
rate constant is large, 1ts rate 1s very small owing to the smail values ol
OH, thet exist during the induction periodl.

Reactions I - V were used to set up tre differenticl ecuatlons Jescribins

A - P AT Pt oy~
the zrowth of [iil, !0,, and 0i. Curing

intesrated nurerically by mennz of un I YOo00 prosram, uslng the [ unioe-
2 y 3 - -~ J - .

Kutta method.8 The rate constunts uscd .re listed in tuble I. .

LX)

an Induction-zone temperature of L1.00% ¥, =nl Is typical ol the restlits ior



other temperatures. It is seen that the plots are linear except for a brief

initiation period, and that all three lines have the same slope. Therefore,

-
H 0 0 0 0 0

where the concentrations with subscript zero are the values obtained by

¥

i
—
o
~—

extrapolation to zero time. The fact that a sinzle time constant < sufiices
to descgibe the growth of all three free-radical concentrations greatly
simplifies the prediction of OH" concentration. Table II lists tle pseuco-
initial concentrations and the time constants obtained from calculations

using two difrerent sets of rate constants from table I.

P?Sduction of OH" by Radical Recombination

In order to excite ground-stete OH to the 2:F (v = 0) state, 3.3 keal/mole

are required. Therefore, the chemilurinescent production of O  can only be
accomplished by a few energetic reuctions which involve either the transfer

g . o
of heat of recombination to OH acting asg a third body, or the direct production

of OH" in a highly exothermic reaction. The possibilities in the irst

category are:

H+ H+ OH~Hy + OK (via)
O+ 0+ OH~ 0y + OH (VIb)
H+ OH + OH - Hy0 + OH" (Vvie)
and i .
0 + H, + OH - H,0 + OH o (VITa)
In the second category are: -
O+ H+M-0H +M (VITL)

and

B+ 0y + Hy = H0 + O , (VITT)
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The retes of reactions VI

the rotes of reacticons VII involve two; ond the rute

one.

In calculating the rate of rrewth of [0H

a quenching reaction. It hag been ©
gquenched by 1i-0.
occwrs by the follcwing nonspecific
OF* + M - 08 + I

In view oi the results of the ¢

by equation (1), the i»

2]
)
ol

as expres

[

excitation reaction is VIa, b, or

74/ s
SO/ T - 1T .
et/ - K. 0l N

e q

[e—

Here, ko 1is the rate constont of

the quenching reaction. The term C

centration terms; Tor example, C. =
)

VIa. The subscript 3 <denotes tle

radical concentrations.

«

Similarly, reactions VIZaz wnd )

/
{0 }/at = x C.e"¥ 7T -k 0" 1)

nd

and reaction VIII leuds to:

% /e
al0K" )/at = k Ce¥ T -1

Intesrationt® of equations (2),

ar

nt/t =k M
keCn(e [Tl ey
nﬂ-+kqm_

OH" | =

in which

assured.

inveive tlree

IIr

Iree-radl

{ W
4

)

-

! .
ound==»-“ that O

rexction:

wlculations

S Y
owth oy (017 |

consists of

et

-

Cca.

it is
3

v

or the present, hewever, 1t will be zcswned

i85

whe

tie

three terno

Siven o

-

ol renct ion

reasonab.e

18 verys efis
L Yo oel

of irec-radicai ¢

the cxocltation rexctlion, and k|

procuct ol

exitatlon

T o1
Yadlay sl
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contertration ferus:

R
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thet cvenching
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n may be 1, Z, or 3 cepending upon the type of exclitaotlon reaction

L)



%

v

Comparison of Observed ana Predi
There are

the predictions o equation (.

be compared

J_-

VO WY S

in magnitude with

i s
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the
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Comparis
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enitudes.

velue of [0H° ] at a

P

pe)

asswuned.
ol
Yo

that

~

xcitat

C. will be

3

! reaction
(1) = 1073,

than

ence between Cx
Tt i3 instructive to calculate upper iimits

the possible excitation react

observed concentrations. This can be Gone by cssuml that
quenching - i.e., kq = 0 - and that 02040 Litert/uol
sponding to a very effcetive Z~voly recction at 1300° K. E
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It is seen that the observed O econcentrations lie nany ordeors

‘

tude above the values expected ror the three-iree~racdico. reactlions, VIa, VI

and VIc. They also maoy pte we:ll above the curves comuted for the U ro-iree-

radical processes, VIia ana VIIL. lorecver, 1t shouid be nctec that 12 077

were formed thermally, its concentraticn would be zbout exp(-SSOOC/ZT)

times the ground-state OL concentration, or acbout 135 orders of

et
B
[
3
t e
ot
-
(o
)

below the uppermost curve of Tijure (. Intsw for other temperaturec hehave

i
Lo

in the sare menner. Consejuentl conprison of oLocerved (0 0 wiil the
>

1T T

meximum values that can reasonably le coiculated favors reaction VIIT as

the one responsible for excitation.

]

Discussion oi the Tact that the observed

i

1imit velues predicted on the basis of renctlon VIII will be deierred to

the section on gquenching.

e

Comperison of time dependencies. - I exeltation does in rfact ocour

wey of reaction VIII, n shouid be unity in equation (<). Ougerwdo |
. '.‘
and caleulated conrentrations of crounc-ctate free radicals, plotted cemi-

locarithmically against the time, should have the same slope al a “ven

temperature. The extent to vhich this is borne out 15 shown in I ure o.

less than tlie upper-

The obgserved time constants are i1 excellent arreewent with the oies calcu-

1

lated using the "best’ values oi rate constants 1a table T, up Lo 2lout

s

cAAO 1 . . R N S . .
1L00¥ K. At higker temperatures, the cata falil procressively farther auvove

a [aa s FIRY

the curve. MNevertheless, they are stiil within reasonable Lounws. This I

shown by tle dashed curve, which wms c2leuiueted using the uwoper-1init vilve

ior k3 (tuble I), l.e., kB = 1.2000%0 exp (-CTOO/XT). It can e seen that
1)

a somevhat smaller nmodification oi k= would have it the dato letler, tu

no effort was mace to optimize the vit.

cr



[oK*} =

-

The uppermost curve of flgure ¢ shows the exvonential time constants

< o 1 . .
chott andé Klnsey® pointed

o2}

that result if only reaction II is important.

. . . o 4 / -
out that it would be rate-controlling if [HQ}/[OQ] =1, and that 1/7 w&ulu .
La o

Quenching of OH" . .
The discrepancy in figure I between the observed {OH*} and the values

predicted on thélbasis of reacticn VIII can be explained by generalized

gquénching (reaction IX). If it is assumed that kq corresponcs to the

collision number, say, oo+t liter/mole-sec, then the term kqfﬂj in

the denominator of equation (L) will be much larger thansl/f. Mereover, the

term exp(-kq[M}t) will be negligible compared to exp(t/r) at 21l times

greater than 1 usec. FEauation (o) then becomes

o)

[

[H,)]et/T
L

ko [H]

20

(7)

o
=
L M1
when written in the form appropriate for reaction VIII. Solving eguation [7)
for kg, and inserting experimental data fram figure 5 and values of l/T

NS N v o 1
and [H]o from table II(b) yields kg = 0.4>0.0+0 llterz/moleu-sec, corresponding:
to a very efficient three-body reaction. It is interesting to rnote that

A

Kaskan® reached exactly the same conclusion when he used his light-intensity

measurements to deduce kg, alter setiing the rate constant for the cuenching

reaction equal to the binary collision number.
?

~

. . . - . X . .
If the picture of the excitation and quenching of 0K that *s embodie

1!

in equation (7) is correct, then neither kg nor kq should Zepend much con

the temperature. Values of kg calculated from equation (7) by using ex-

perimental data should be nearly constant over the whole range of temperatures



¢

from 1100° 1o 2000° K. Put in zetusl {ncet these "experimentaii 1o 's, alithow ?
they scetter badly, indicate a strong trend with tewmperature. In order o

explain the duta, they must be rather greater than 10+0 liter~/0le’ =sec atl

1100° K, and two or three orders of marnitude less at the uprer cnd o5 the
2 () Sl

temperature range.

If, on the other hand, 1t is assumed that there is no yuenchiaz ikw = 0y,
the X,'s naturally turn out to be rnuch smallexr, but they 1 have thd sorme

2 P
strong temperature Jependence. )
. . . PR o .
To put the situation ancther smy: the Intensity ol 0 enlecsion 15
L 4

unexpectediy small at high temperatures, und unespectedly .are 2t low Lem-
peratures. One ready erplanation Tor these fucts Ls that cucenchling: ocews by
collisions vith a reactlon product. The cbviow candidate lg o cource 5.0,
which is known to te a very effective cucncher ‘rom flame shul csetr--
Another reason for suspecting that uhe obsexrved tehovior 1o .ue to
quenching by HZO is that the light intensity~time traces go throw h un
inflection point quite early. Recent interferometric density neasurenents
by Whitel4 on low-pressure Ho-0p Cetonations have conlirmed thut there is no
appreciasble heat release for tiiies comparable to the induction times of
Schott and,Kinsey,l who icentified the end of the induction period with the
attainment of {OH] = 10~° moles/liter. In the present experiments at, say,
15009 X, the calculations of table II(b) show that this concentration ¥
reached after about 70 jtsec. But near 1.00° K, the light-intensiiy curves

go through an inflection at around <J irsec. If this change in the rate o

3
2
©
I_l
t
b

increase of [OH' vere merely., due to the disappearance of iree
‘e

.

the heat-releasing recombination part of the reaction, it should occur closer

70 psec. The same thing is found at all temperatures; excevt perhaps the



[}

very highest ones: narely, the Inrlection point occurs well Thefore the en:

of the induction period. This, tco, cin te quniitatively explc

supposing that the E~O concentrution, which ulso rises exvponentially durin~

the induction period, Cinally becames sreat enouch to exert an obzervable

oL

guenching effect.

In order to test this icdea guantitatively, it is necessary to cerive o

> - v 1 .
O, cssuming tloet reaction I 15 re-

new expression {or the prediction c:

placed by the Tollowing guenching rezction:

OH' + IO - OH + IL,0 ()
Since Hn0 1s produced aimost solely by reaction IV Juring the induction '

perlod,

X Lot - TOHYITL Y ol Tolet/T " r
A0 /ct = k, (OH)iH, | = &, Ollly. T, e ‘ Ly

2

Intesrating betveen limits of O and t,

(1,01 = x

0] L0 ’Hz]w(et/T - 1) . : ()

!

Therer'ore,

a0 at =k, w100, 1H, e T . fgn 00 1ol (et - 1) o)
o I L o

3 ]O‘

; . A AN - . - .. .
Bguetion (10) connot be rezlily inte rated. lovever, useful resuls

[

’ "I’ . [ - \ » . - .
form ol ecvation (10} that s applicable to thies

\

cug be obtaired from the
X
<4

great enough so et/‘ >>» 1. I, for excmple, this inecuvality is talen to le

I}
satisiied when %% = L, then usin- vaives o7 1/7v irom teble IZ(h), tle

inequnlity holds from 0 usec cn ot 1100% K, on Trom Z .sec on ot 1.009 1L

T LAY T sacimer e T " ryea et [ e TN S Ty ey eyt 1.
It will be assurea thot the iorm of ecuntlon (L0, out.luel Ly Jronn’n: Lue
A3

factor of unity in the second term wn tre ri-hi

o
1

region in which the inflection point vcewrs. Difrercentiantinge and setting

the result equal to zZero, one obtains:
oo ! Z .
2,303 (1/7)e PN

iprl = 17 1°%10 K gk, 106 o L2 (1)




and
e
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g = 17%(H]6TOJT LT
la .

Tt is seen that equation (11) permits the time at vhich the inflection
point occurs to be calculated without recourse to any experimental data.

This has been cone, using the data {ram tabie II(b) and assumin: k1g 1s tle

collision number. The results are piotted in figure 7; Experimental in-
Tlection times were estimated directly from the photeomultiplier records nnd
multiplied by the density ratio across the shock to convert Irom laboratory
to gas time. The data points plotted in figure 7 incluce those from the runs
used to obtain intensity-time data, and also those from 2 large mumber of
runs made o measure induction times; in the latter, the osclilloscope sain
was too small to glve detailed intensity-time data in the early part of tle
induction period, but the inflection point could be read. All In all, th;
ébserved times agree well with those predicted by éeans of equat’on (11).
Althouzh the points tend to crift awey from the curve at the hlisher temgera-
tures, this may partly be due to the Tact that the approximatlion used

(et/T >> 1) becomes worse at these temperatures.

Finally, equation (12) was used to estimete wvalues for Xg. Once, amaln
the data from table II(b) were used, and le wes taken as ihe binary coll's
number. The concentratioﬁ of OH" at the inflection polint could be read to
within a factor of about two at the hizher temperatures, more clcsely at the
lower ones. In contrast to the calculations of kg ﬁade with the previously
discussed assumptions about the quenching, the calculations made with equa-

;

tion (12) produced much more nearly constant values. The range oi kg s

4x10% to 9X105, with no discernible temperature depencdence. The’average for
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22 runs in which [0 ] could te reand at iire inflect

2x10~ liter~/mole“-scc.
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Thus, the dota naite seuse vhen viewed with the idea that CI s ev-
fectively quenched only upon collizion = ilh 5,0, This treciment lencds to o
. [~
rate constant for the excitation reactlion that corresponcs fo an lnelio®e:

process, with a steric Iactor ol about 1207 Since
VIII Zavolves extensive re-uirrun ecrent ci tonas, 1t

an
P

it should be an inelficient proce
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induction period bekind sliock woves In - e - w9 alr mixture veovrs via
;
the tliree-body reaction
H+0, +H, —~ 0+ 0
Py 2 -ug 2 el
The rate of increase in 04 «concentration curing the ecr - =art ol Lhe

incuction period can Le successiully precicted by using literaiwe iy

the rate constants of the choin~branching reacticus.
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TADLE I. - RATE CONSTANTS,

k., = A, exp(-E./RT),
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